Neural Wiskott-Aldrich syndrome protein (N-WASP) is an actin-regulating protein that induces filopodium formation downstream of Cdc42. It has been shown that filopodia actively extend from the growth cone, a guidance apparatus located at the tip of neurites, suggesting their role in neurite extension. Here we examined the possible involvement of N-WASP in the neurite extension process. Since verprolin, cofilin homology and acidic region (VCA) of N-WASP is known to be required for the activation of Arp2/3 complex that induces actin polymerization, we prepared a mutant (⌬cof) lacking four amino acid residues in the cofilin homology region. The corresponding residues in WASP had been reported to be mutated in some Wiskott-Aldrich syndrome patients. Expression of ⌬cof N-WASP suppressed neurite extension of PC12 cells. In support of this, the VCA region of ⌬cof cannot activate Arp2/3 complex enough compared with wild-type VCA. Furthermore, H208D mutant, which has been shown unable to bind to Cdc42, also works as a dominant negative mutant in neurite extension assay. Interestingly, the expression of H208D-⌬cof double mutant has no significant dominant negative effect. Finally, the expression of the ⌬cof mutant also severely inhibited the neurite extension of primary neurons from rat hippocampus. Thus, N-WASP is thought to be a general regulator of the actin cytoskeleton indispensable for neurite extension, which is probably caused through Cdc42 signaling and Arp2/3 complex-induced actin polymerization.
The actin cytoskeleton plays a critical role in the regulation of cellular morphological change in response to various external stimuli (1, 2) . In the case of neural development, actin filaments have been shown to accumulate at the growth cone (3), a guidance apparatus located at the tip of growing neurites. It has long been suggested that the actin cytoskeletal reorganization at growth cones including filopodium and lammelipodium formation is the key determinant of the direction and/or speed of neurite extension. Thus, clarification of the regulatory mechanism behind the reorganization of the actin cytoskeleton in neurons will ultimately lead to a better understanding of neural development.
Evidence has been accumulating that Rho family small GTPases regulate the reorganization of the actin cytoskeleton (4) . Indeed, two family members, Cdc42 and Rac, are shown to induce filopodium and lammelipodium formations, respectively (5) (6) (7) . Furthermore, recent reports demonstrated that their function is essential for neurite extension in N1E-115 and PC12 cells (8, 9) . However, the target proteins that function in neurite extension in neurons have yet to be identified.
We found N-WASP as a 65-kDa protein that binds to the SH3 domains of Ash/Grb2 adaptor protein (10) . N-WASP possesses a GBD/CRIB motif through which N-WASP directly binds to activated Cdc42 (11) . In addition, N-WASP can induce filopodium formation downstream of Cdc42 in COS 7 cells (11) . We have also shown that verprolin homology domain (V), which is an actin-binding site, is essential for filopodium formation (12) , and cofilin homology domain (C) and the acidic (A) region in the C terminus are binding sites for Arp2/3 complex (13) . Furthermore, it has been made clear that Arp2/3 complex-induced actin polymerization is markedly enhanced by N-WASP only in the presence of Cdc42 and phosphatidylinositol 4,5-bisphosphate (13) .
Considering that N-WASP was originally found and shown to be most abundant in brain (10, 14) , it is quite probable that N-WASP plays an important role in neurite extension.
To examine this possibility, we prepared a mutant N-WASP (⌬cof) that has mutations in the cofilin homology domain through which N-WASP regulates Arp2/3 complex-induced actin polymerization. By expressing wild-type and ⌬cof N-WASP in PC12 cells and primary culture neurons obtained from rat hippocampus, we show here that N-WASP is a general regulator of neurite extension.
EXPERIMENTAL PROCEDURES
Antibodies-The polyclonal anti-N-WASP 1 antibody and the antibody specific for Arp3 were made, respectively, as described previously (10, 15) . The secondary antibodies linked to alkaline phosphatase (used in Western blotting) and fluorescein (used in immunofluorescence microscopy) were from Promega and Cappel, respectively. The monoclonal antibody specific for neuronal class III ␤-tubulin and the polyclonal antibody specific for ␤-galactosidase were purchased from Berkeley Antibody Co. and Chemicon, respectively.
Construction of Mutants, Such as ⌬cof, H208D Mutant, and H208D-⌬cof Double Mutant-Wild-type rat N-WASP cDNA has been isolated and reported previously (16) . A mutant (H208D) in which a histidine residue (H) conserved in all the GBD/CRIB motifs is replaced by an aspartate (D) was prepared by site-directed mutagenesis. Another mutant with deletion of the cofilin homology domain (⌬cof; substituting amino acids Lys-Arg-Ser-Lys (473-476) for Asp-Ile (GATATC; EcoRV site)) was made by polymerase chain reaction (PCR) using two sets of oligonucleotide primers (5Ј-CCGCTCGAGACCATGAGCTCGGGCCAG-C-3Ј and 5Ј-GGGGATATCCTGCATCACTTCCATCAGCGCA-3Ј for the former half and 5Ј-CCCGATATCGCCATTCATTCCTCAGATGAAG-3Ј and 5Ј-CGAATTCTCAGTCTTCCCACTCATCATCATC-3Ј for the latter half). After the confirmation of the nucleotide sequences, the two PCR products were ligated at the EcoRV site. H208D mutant was made as described previously (11) . The double-mutated N-WASP (H208D-⌬cof) was prepared from mutants H208D and ⌬cof by truncation and ligation at XbaI sites. The nucleotide sequences of all mutants were confirmed.
GST Fusion Proteins-The GST fusion proteins of the C-terminal region of wild-type N-WASP and ⌬cof (GST-VCA and GST-⌬cof-VCA) were constructed, expressed, and purified as described previously (10) .
In Vitro Binding Assay Using GST Fusion Proteins-Each GST fusion protein was immobilized on glutathione-Sepharose beads and incubated with protein samples (Arp2/3 complex or actin). Arp2/3 complex was isolated from bovine brain by the method described by Ma et al. (17) . After being washed, the beads were suspended in SDS sample buffer and subjected to SDS-PAGE, followed by Coomassie Blue staining or Western blot analysis. figure) and actin (lower figure) to GST-VCA and GST-⌬cof-VCA. GST-VCA and GST-⌬cof-VCA were incubated with Arp2/3 complex purified from bovine brain or actin purified from rabbit muscle and precipitated with glutathione-Sepharose. The bound proteins were analyzed by Western blotting with anti-Arp3 antibody or Coomassie staining. D, ⌬cof mutation reduces the activation activity of VCA region for Arp2/3-induced actin polymerization. Fluorescence intensity that reflects actin polymerization (2.2 M actin and 60 nM Arp2/3 complex) was followed in the absence (q, actin only; f, actin and Arp2/3 complex) or presence of various amounts of GST-VCA (E, 100 nM; Ⅺ, 30 nM), and GST-⌬cof-VCA (‚, 100 nM; ƒ, 30 nM). tin polymerization was measured as described previously (13) . Briefly, 60 nM Arp2/3 complex and various amounts of GST-VCA or GST-⌬cof-VCA were preincubated for 5 min in 2 mM Tris-HCl (pH 8.0), 100 mM KCl, 2 mM MgCl 2 , 0.5 mM dithiothreitol, 0.2 mM ATP⅐2Na, 0.2 mM CaCl 2 , and 0.005% NaN 3 . The reaction was started by adding 2.2 M actin (2.0 M unlabeled actin ϩ 0.2 M pyrene actin), and fluorescence change was measured in a fluorometer.
Western Blot Analysis-Protein samples were subjected to SDS-PAGE and electrically transferred to a polyvinylidene membrane. After blocking with buffer (5% skimmed milk and 1% bovine serum albumin in phosphate-buffered saline (PBS)), the membrane was incubated with the primary antibody, anti-N-WASP or anti-Arp3 antibody, and then with alkaline phosphatase-conjugated anti-rabbit IgG. Detection was done with 4-nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate.
Culture and Differentiation of PC12 Cells-PC12 cell culture was done as described previously (18) . Differentiation was stimulated with 100 ng/ml nerve growth factor (Roche Molecular Biochemicals) or with 1.0 mM Bt 2 cAMP⅐Na (Wako) and allowed to proceed for 72 h in Dulbecco's modified Eagle's medium supplemented with 5 g/ml insulin, 5 ng/ml sodium selenite, 5 g/ml transferrin, and 1 mg/ml bovine serum albumin (Roche Molecular Biochemicals).
Transient Expression in PC12 Cells-Wild-type, H208D, ⌬cof, and H208D-⌬cof N-WASP-expressing plasmids were constructed in pEF-BOS plasmid vectors, respectively. As a control vector, green fluorescent protein (GFP, CLONTECH)-expressing vector was also constructed. Two micrograms of each recombinant plasmid was transfected into PC12 cells (1 ϫ 10 5 cells in 3.5-cm dish) with LipofectAMINE PLUS (Life Technologies, Inc.) reagents. For the Western blotting analysis, cells were harvested 72 h after the transfection. For the examination of neurite formation in PC12 cells, the differentiation was stimulated 48 h after the transfection.
Preparation of Rat Hippocampal Primary Culture Cells-For preparing hippocampal primary culture cells, serum-free medium was used (19) . Hippocampi were extracted from 1-day-old Wistar rats and dispersed by trypsin and DNase I in Hanks' balanced salt solution and then suspended in the medium. After filtration, cells were transferred into 8-well culture slides coated with polyethyleneimine at a density of 1.0 ϫ 10 5 cells/ml and grown for 24 h in the medium, and then adenovirus-mediated gene transduction was done. Cells were grown for 72 h after infection and then fixed.
Adenovirus-mediated Gene Transduction-The recombinant adenoviruses that encode wild-type, ⌬cof N-WASP, and LacZ (␤-galactosidase) were constructed by homologous recombination between the expression cosmid cassette pAxCAwt and the parental virus genome, as described previously (20 -23) . For gene transduction, cells were incubated in 0.1 ml/well Dulbecco's modified Eagle's medium containing the adenoviruses for 1 h at 37°C, and then the growing medium (0.6 ml/well) was added.
Immunofluorescence Microscopy-Cells were fixed in 3.7% formaldehyde in PBS and permeabilized with 0.2% Triton X-100 in PBS. After blocking with buffer (3% bovine serum albumin and 10% horse serum in PBS), cells were incubated with primary antibody, anti-N-WASP or anti-␤-tubulin, followed by appropriate secondary antibodies linked to fluorescein isothiocyanate (Cappel) or Cy5 (Amersham Pharmacia Biotech). To visualize actin filaments, rhodamine-conjugated phalloidin (Molecular Probe) was used. Cells expressing GFP were observed directly. A laser scanning confocal imaging system (Bio-Rad) was used.
RESULTS AND DISCUSSION

Construction of Cofilin Homology Domain Mutant (⌬cof N-WASP)-N-WASP
is an actin-regulating protein that was identified in brain. In the C-terminal region of N-WASP, there is a short peptide motif that is homologous to the highly conserved region in cofilin family proteins. WASP family proteins, such as WASP and N-WASP, have this domain (16, 24, 25) . In cofilin homology domain, there is a part that consists of four amino acid residues from Lys-473 to Lys-476 and that is abundant in basicity. In some Wiskott-Aldrich syndrome patients, muta- tions at the basic amino acid residues among the four residues are also found (26, 27) . These findings suggest that the four amino acid residues are indispensable to the function of N-WASP. Thus, we prepared a cofilin homology domain deletion mutant of N-WASP (⌬cof) to examine the in vivo function of N-WASP, supposing it to be a dominant negative mutant. In ⌬cof, the schematic structure of which is shown in Fig. 2A , the residues from Lys-473 to Lys-476 in the homologous region are substituted with Asp and Ile (Fig. 1A) .
VCA Region of ⌬cof Is a Weak Activator for Arp2/3 Complex-The region deleted in ⌬cof mutant is reported to be included in the Arp2/3 complex binding region (28) . Thus, we first examined the possible effect of the ⌬cof mutation on the binding to Arp2/3 complex with GST fusion proteins of the VCA region of the wild-type N-WASP and ⌬cof (GST-VCA and GST⌬cof-VCA, respectively, Fig. 1B ). As shown in Fig. 1C , the binding of Arp2/3 complex to GST-⌬cof-VCA was markedly reduced compared with that to GST-VCA. However, this mutant still binds to actin as efficiently as GST-VCA. Next, we measured actin polymerization activity of GST-⌬cof-VCA in vitro using Arp2/3 complex and pyrene-labeled actin. The speed of actin polymerization was very slow in the case of actin only or actin plus Arp2/3 complex (Fig. 1D) . The presence of GST had no significant effect on it (data not shown). GST-VCA protein activated Arp2/3 complex-induced actin polymerization markedly. In contrast, GST-⌬cof-VCA was found to be a much weaker activator of the actin polymerization induced by Arp2/3 complex. These results indicate that VCA region except the deleted four amino acid residues still has a weak Arp2/3 binding and activating function.
Inhibition of NGF-induced Neurite Extension in PC12 Cells by Overexpression of ⌬cof and H208D N-WASP-
The PC12 pheochromocytoma cell line has been used extensively for studies of neurite outgrowth due to its ability to undergo differentiation to a neuron-like phenotype in response to NGF or others. To investigate the function of N-WASP in neurite outgrowth, we examined the effect of expression of mutant N-WASPs in PC12 cells. For ectopic-expression in PC12 cells, we also prepared expression plasmids that encode wild-type, ⌬cof mutant, H208D mutant, and H208D-⌬cof double mutant N-WASP ( Fig. 2A) . H208D mutant has been shown to lack the binding ability for Cdc42 and to be unable to induce filopodium formation (11) . As a control, GFP-encoding expression plasmid was also prepared. First, to estimate the expression of these constructs, cell lysates from transfected PC12 cells were sub- jected to Western blot analysis with anti-N-WASP antibody (Fig. 2B) . All recombinant N-WASP proteins were found to be expressed at similar levels. We next investigated the morphological changes of PC12 cells in both the presence and absence of NGF. Typical photoimages of cells are shown in Fig. 3 . Cells transfected with GFP develop neurites in the presence but not in the absence of NGF. The GFP expression had no significant effect on neurite extension in PC12 cells (data not shown). In contrast, transient overexpression of H208D mutant, which cannot bind to Cdc42, strongly inhibits neurite extension induced by NGF and makes the cells round like unstimulated cells. The expression of ⌬cof mutant also suppresses the long neurite extension, but compared with H208D mutant-expressing cells, ⌬cof-expressing cells bear short processes in response to NGF, and thus, the expression of ⌬cof is not as effective as H208D in blocking the morphologic change induced by NGF. These differences may be explained by the data that GST-⌬cof-VCA still has a weak Arp2/3 complex-activating function (Fig. 1, C and D) . On the other hand, the expression of H208D-⌬cof double mutant N-WASP does not inhibit neurite extension induced by NGF, suggesting that H208D-⌬cof can bind neither Cdc42 nor Arp2/3 complex, and thus, Cdc42 signal is transmitted to Arp2/3 complex through endogenous N-WASP.
Then proportions of neurite-bearing cells were calculated. Among GFP-transfected cells, the proportion of neurite-bearing cells was 50% in the presence of NGF (Fig. 4) . However, only 21% of ⌬cof-expressing cells bore neurites even in the presence of NGF. These results indicate that ⌬cof, a cofilin homology domain mutant of N-WASP, significantly inhibits NGF-induced neurite outgrowth and acts in a dominant-negative manner in NGF signaling in PC12 cells, although the ⌬cof mutant still causes a weak activation on Arp2/3 complex in the in vitro assay. Thus, it is suggested that the full activity of N-WASP to activate the Arp2/3 complex is needed to induce neurite outgrowth. In contrast to the ⌬cof-expressing cells, the cells overexpressing wild-type N-WASP develop neurites in response to NGF (Fig. 3) . The proportion of neurite-bearing cells in wildtype N-WASP-expressing cells was 53% in the presence of NGF. These results indicate that the expression of wild-type N-WASP in PC12 cells has no significant effect on neurite extension and that wild-type N-WASP expression alone is not sufficient to induce neurite extension in the absence of NGF. On the other hand, only 11% of H208D mutant-transfected cells showed neurite extension, indicating that Cdc42 is essential to this process. Interestingly, neurite extension by NGF was almost recovered to normal levels (48%) in H208D-⌬cof double mutant-expressing cells.
N-WASP Functions in cAMP-induced Neurite Extension-It is known that neurite extension of PC12 cells is also induced by several other stimulants, such as KCl-induced depolarization and cAMP (29, 30) . To examine whether N-WASP plays a critical role in neurite extension induced by stimulants other than NGF, the effects of the expression of N-WASP mutants on neurite extension induced by cAMP were investigated. After the transfection with either GFP, wild-type N-WASP, ⌬cof, H208D mutant, or H208d-⌬cof double mutant, cells were stimulated with Bt 2 cAMP, an analogue of cAMP that can permeate the cell membrane. As shown in Fig. 3 , the expression of ⌬cof also results in an inhibition of neurite extension, whereas cells expressing wild-type N-WASP normally develop neurites. H208D mutant also strongly inhibits neurite extension. On the other hand, H208D-⌬cof double mutant does not. The proportion of neurite-bearing cells is 58% among GFP-transfected cells, 22% among ⌬cof-expressing cells, and 59% among wildtype N-WASP-expressing cells (Fig. 4) . On the other hand, it is 17% among H208D mutant-expressing cells and 49% among H208D-⌬cof double mutant-expressing cells stimulated with Bt 2 cAMP. Thus, as the case of NGF stimulation, the expression of H208D mutant inhibits neurite outgrowth most severely, and ⌬cof mutant also inhibits it significantly in response to Bt 2 cAMP, whereas the expression of H208D-⌬cof double mutant does not have a significant effect on the neurite extension.
Effects of N-WASP Expression on Neurite Extension from Rat Hippocampal Primary
Culture Cells-The results presented above suggest N-WASP to be a generally required component in neurite extension in PC12 cells. However, the PC12 cell line, which is routinely used as an experimental model of neural cells, does not have all the properties of neural cells. To investigate the role of N-WASP in neurite extension in more native conditions, we carried out experiments with rat hippocampal primary culture cells. Primary culture cells were prepared from rat hippocampi, and adenovirus-mediated gene transduction was done. To estimate N-WASP expression mediated by recombinant adenovirus, the virus-infected cell lysates were subjected to Western blot analysis with anti-N-WASP antibody. As shown in Fig. 5A , in cells infected with wild-type and ⌬cof N-WASP recombinant adenoviruses (m.o.i. 50), 15-fold or more N-WASP was detected than in the control cells infected with LacZ-expressing recombinant adenoviruses (m.o.i. 50). Under this condition, the ⌬cof expression inhibits neurite extension (Fig. 5B) . In contrast, LacZ-expressing or wild-type N-WASPexpressing neural cells develop neurites. Thus, also in primary cultured neural cells, the expression of ⌬cof inhibits neurite outgrowth, whereas the expression of wild-type N-WASP does not. Proportions of neurite-bearing cells were also calculated in control, wild-type, and ⌬cof N-WASP-expressing cells (Fig. 5C ). Among LacZ-expressing control cells, 74% showed neurite extension. Wild-type N-WASP-expressing cells showed a similar percentage, 76%, but in ⌬cof N-WASP-expressing cells, the percentage was reduced to 29%.
Taken together, our results strongly suggest that N-WASP is a crucial and general component in neurite extension. Furthermore, this phenomenon is probably caused through Cdc42-triggered N-WASP activation and the consequent activation of Arp2/3 complex-dependent actin polymerization.
